The main goal of this study was to check whether the process of the colonization of coarse woody debris (CWD) is random or is determined by the wood traits and the environment. The study was conducted in the Karkonosze Mts., a part of Sudeten Mts. (Poland). We recorded the CWD traits and site conditions for 453 logs of spruce (Picea abies) and beech (Fagus sylvatica), which were either colonized or not colonized by vascular plants. Principal Components Analysis (PCA), a statistical comparison of two categories of logs using the Wilcoxon's sum rank test and Generalized Linear Model (GLM) were applied. P. abies logs were colonized significantly more frequently than F. sylvatica logs. PCA demonstrated that the groups of colonized and non-colonized logs significantly differed overall in both species. The colonization status of a given log was significantly associated with CWD traits and site conditions. Decomposition class, the log diameter and the cover of bryophytes in F. sylvatica and P. abies, as well as altitude in the latter species, were significant factors that increased the probability of dead wood colonization by vascular plants. The results supported the hypothesis that vascular plants do not colonize all of the available logs and that the process of establishment is not random.
Introduction
Colonization of coarse woody debris (CWD) by vascular plants has received less attention from researchers than colonization by other groups of organisms, e.g., bryophytes, lichens, fungi and insects (Jüri-ado et al. 2003 , Odor & Van Hees 2004 , Ols et al. 2013 , Sefidi & Etemad 2015 . Nevertheless, there is some literature evidence stressing that CWD, especially decaying logs, can serve as habitats for some herbaceous and woody plants in both lowland and montane forests (Zielonka & Piatek 2004 , Dittrich et al. 2014 , Nowinska et al. 2009 , Checko et al. 2015 . It is commonly acknowledged that the decomposition stage of decaying logs is one of the most important factors for the recruitment, survival and completion of the life cycle of wood-dwelling vascular plants. During de- cay, a temporal turnover among species can be observed, thus the process of colonization resembles succession (Zielonka & Piatek 2004) . Decaying fallen trees can especially serve as "nurse logs" for tree seedlings. This phenomenon is particularly wellknown in spruce (Brang et al. 2003 , Kupferschmid & Bugmann 2005 , Zielonka 2006 ). All of the aforementioned studies were devoted to coarse woody debris that was already colonized, but not all logs are colonized by plants. Some logs, even if they are strongly decomposed, are free of vascular plants, although they may be colonized by cryptogams. In Central Europe, no obligatory epixylic vascular plant species are known. Here we aimed to understand whether the process of colonization is random or is determined by the traits of CWD and the environment. It can be assumed that decomposition is an important factor at the beginning of colonization by vascular plant species, but perhaps it is not the only important variable. We wanted to find out whether the properties of a decaying log in terms of its length, surface area or species identity as well as the location of a log can influence the probability of colonization and its frequency. Therefore, we compared colonized and non-colonized logs and tested whether the likelihood of colonization depends on log characteristics or location. We hypothesized that the colonization of dead wood by vascular plants is not accidental and that colonized logs differ from non-colonized logs. Moreover, we hypothesized that some intrinsic and extrinsic variables may increase the probability of the colonization of logs.
Material and methods

Study site
The study was conducted in two forest montane belts in the area of the Karkonosze Mts. -a lower forest montane belt (500-1000 m a.s.l.) and an upper forest montane belt (1000-1250 m a.s.l.). The forested areas occupy about 70% of the Karkonosze Mts., which amounts to 13,505 ha. The most common tree is the spruce (Picea abies, ≈ 90%), followed by the beech (Fagus sylvatica, 3%), Scots pine (Pinus sylvestris, 3%), the birch (Betula pendula, 2%), and others (2%). Spruce occurs naturally in the upper montane forest belt where it forms a monospecific forest community Calamagrostio villosae-Piceetum (CVP), whereas in the lower montane zone, Picea abies forest has been planted (PA_PF), which is the result of past cultivation. Beech (F. sylvatica) occurs naturally in the lower forest montane belt where it forms several phytocoenoses, e.g., acidophilus beech woods and fertile montane beech forests (Fagetalia, F). Both tree species can be found in a fir-spruce mixed coniferous forest (Abieti-Piceetum, AP).
Data collection
A total 185 plots (10 × 10 m) were established using a random-stratified sampling . The collection of data was stratified by forest type. A map of the potential vegetation and forest inventories was used to cover the four distinguished forest communities within the lower montane belt and the upper montane belt (Tab. 1). The study plots were searched for the presence of decaying logs. Only logs longer than 0.5 m having a lower (at the wider end) diameter greater than 0.1 m were included in the study. A total of 453 logs were positioned using a GPS device, including 273 logs that had been colonized by vascular plant species. The logs belonged to two tree species -Picea abies and Fagus sylvatica. The environmental data that were gathered comprised two types of data -the characteristics of the logs and the characteristics of the sites on which the logs were located. These were the area of the log surface available to plants, hereafter referred to as AREA (m 2 ). It was calculated as follows (eqn. 1, eqn. 2):
(1) (2) where SA is the log surface, L is the length of log, R is the radius of lower and r the radius of upper diameter. The length of a log was labelled as LENGTH (m) and the mean of the lower (LOWER) and upper (UPPER) diameter as a DIAMETER (cm). The decomposition stage (DECOMPOSITION) was assessed on an eight-degree scale after Holeksa (2001) and Zielonka & Piatek (2004) while the moisture of a log (1-3 degree scale) was labelled as MOISTURE (1: dry, completely dry to the touch; 2: intermediate, slightly perceptible moisture to the touch; 3: moist, water flows when pressure is applied) and the cover of bryophytes as BRYOPHYTES (%). Those data that are related to site characteristics were the shade (SHADE), evaluated on a 1-5 degree scale (1: <30% of canopy cover; 2: 30-40%; 3: 40-60%; 4: 60-80%; 5: >80%), and the altitude (ALTITUDE, m a.s.l.), which was measured using GPS.
Data analysis
The Pearson's chi-square test was used to analyze differences in the frequency of colonization between the F. sylvatica and P. abies logs. In order to visualize the differences between colonized and non-colonized logs based on all of the studied traits, Principal Components Analysis (PCA) was carried out. The data was standardized prior to this analysis. The colonization status was regarded as a grouping variable and statistically fit onto the ordination. Thus, the analysis of centroids (of two groups of logs) was performed using 999 permutations. The goodness-of-fit statistics, i.e., squared correlation coefficient r 2 and p-value, were calculated in order to check the significance of differences between the colonized and non-colonized logs (Oksanen et al. 2016) . Two PCAs were done separately for beech and spruce logs due to the different elevations of P. abies and F. sylvatica. The Wilcoxon's sum rank test was applied to compare the traits of colonized and non-colonized logs within the beech logs and spruce logs. Logistic regression was used to assess the probability of the colonization of logs by vascular plants. The response variable was colonization, which was coded as true/false (colonization/non-colonization, respectively). A Generalized Linear Model (GLM) was chosen with the binomial function "logit". Twenty four models were built that included all of the variables, i.e., log traits and site characteristics. The best model was selected based on the Akaike criterion AIC, i.e., the lowest value of AIC was the criterion of the accepted model (Tab. S2 in Supplementary material). The computations of the distribution of a categorical variable (i.e., probability of colonization) and how it changed over a particular numerical variable are shown on conditional density plots. All of the statistics were obtained using suitable routines of the R software (R Core Team 2015) .
Results
Among the 453 logs studied, 273 (60.2 %) were colonized by at least one species from 46 vascular plant taxa (Tab. S1 in Supplementary material). The contingency table test (df=1, χ 2 = 13.56, p<0.0001) showed that Norway spruce logs were colonized more frequently (65.3 % colonized log vs. 34.7 % non-colonized logs) than beech logs (45.1 % vs. 54.9 % - Fig. 1 ). According to the PCA, the groups of colonized and non-colonized F. sylvatica logs were separated along the second axis rather than the first axis (Fig. 2a ). There were significant differences between the centroids of the groups of colonized and non-colonized logs (r 2 = 0.10, p<0.001). The first two axes (principal component 1 and 2) explained 56. 
Comparison of the traits of non-colonized and colonized logs
was highly loaded for log size AREA, DIAM-ETER, UPPER and LOWER, whereas principal component 2 was highly loaded for DE-COMPOSITION and BRYOPHYTES. In the case of the spruce logs, PCA showed that the centroids of the groups of colonized and non-colonized were separated along both the first and second axis (Fig. 2b) . They also differed significantly (r 2 = 0.13, p<0.001). The first two axes (principal component 1 and 2) accounted for 52.6% of the cumulative variation, whereas the first four explained 79.1%. The first component of the PCA was highly loaded for UPPER, LOWER and DIAMETER, whereas the second component was highly loaded for BRYO-PHYTES, DECOMPOSITION and LENGTH. Taking the differences in the mean parameters of log traits into account, there were significant differences in ALTITUDE, but only for the spruce logs, as colonized logs were generally located at higher altitudes (Tab. 2). The colonized spruce and beech logs had a higher log surface AREA than the non-colonized. In both species colonized logs were characterized by a higher mean DIAMETER and a much higher mean cover of BRYOPHYTES (Tab. 2). The logs were also much more decayed, according to the differences in DECOMPOSITION (Tab. 2). In addition, a higher value of MOISTURE was found in the colonized spruce logs (Tab. 2).
The GLM showed that UPPER and BRYOPHYTES were significant variables in the most optimal model in beech logs (Tab. 3). The most optimal model of logistic regression for spruce showed that ALTI-TUDE, DECOMPOSITION, LENGTH and BRYOPHYTES were the only significant variables. Predictions about an increase in the iForest 11: 11-16 5.0 ± 7.9** 3.1 ± 4.6 2.4 ± 2.7*** 1.6 ± 1.7 LENGTH 4.7 ± 5.7 3.8 ± 4.5 3.9 ± 3.9* 2.9 ± 3.7 DIAMETER 0.3 ± 0.2*** 0.2 ± 9.7 0.2 ± 0.1 0.2 ± 0.9 MOISTURE 2.0 ± 0. independent variables, i.e., the traits of the logs and site characteristics indicated that DECOMPOSITION had the highest effect of magnitude (i.e., almost 90% of colonization probability) that enhanced the beginning of colonization in the spruce logs (Tab. 3, Fig. 3 ). The probability of colonization increased by ca. 30 % in Picea abies for every 100 meters of ALTITUDE. In Fagus sylvatica, log size (UPPER) had a high impact (ca. 80%) and BRYOPHYTES had a significant impact on the probability of colonization, although not as strong as in the case of spruce (Tab. 3, Fig. 3 ).
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Discussion
Differences in colonization frequency between the two species
It was observed that both of the species studied, Fagus sylvatica and Picea abies, differed in the proportion of colonized logs. This finding can be associated with differences in the properties of the dead wood itself or the location of the logs. As for the former, we did not study the chemical properties of the dead wood, though the bark of both species could contain different biochemical compounds, which may have an impact on the colonization and development of plants (Petrillo et al. 2015) . Norway spruce has a relatively smooth bark, low pH and a low nutrient content in decaying wood and it can also contain substances that inhibit plant development , Checko et al. 2015 . Beech has a much smoother bark than spruce. The microrelief of the bark itself could be an important factor that enables seed retention. When bark has many crevices and fissures, this also contributes to the capture of organic matter and humidity. Therefore, in order for beech logs to be colonized, they must be more decomposed.
Another factor that can bias the results is the vertical location, i.e., the mean and range of altitude where a given tree species is distributed. This was the main reason the species were studied separately.
Role of decomposition in colonization frequency
The various methods that were applied in this study (i.e., PCA, the comparison of the logs and the logistic regression) consistently selected more or less the same variables as being important determinants of colonization. As expected, colonized logs were generally characterized by a higher decomposition stage than those that were not colonized. The majority of literature sources have demonstrated that vascular plants begin to colonize fallen trees from the medium-decayed stage (Lee & Sturgess 2001 , Zielonka & Piatek 2004 , Chmura 2008 , Nowinska et al. 2009 , Staniaszek-Kik et al. 2014 ), but some studies have shown that this process can start earlier (Checko et al. 2015 , Chmura 2014 . It is an individualistic phenomenon, as our findings show that decomposition and class of decay make colonization three times more likely in the case of P. abies than in F. sylvatica, al-
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Tab. 3 -Logistic regression parameters and the predicted increase in the probability (%) of the colonization of logs due to impact of independent variables. Only significant variables are shown. 
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Comparison of the traits of non-colonized and colonized logs though the mean decomposition stage of beech was a little lower than spruce when colonized and non-colonized logs were compared. Our results are not in agreement with other findings revealing that broadleaved trees have better conditions for the recruitment and growth of vascular plants than conifers on lowlands (Nowinska et al. 2009 ). Moisture, which usually increases with decomposition rate (Bütler et al. 2007 , Pichlerova et al. 2013 , Petrillo et al. 2015 , was higher in the colonized logs of P. abies. Non-colonized logs did not differ significantly in moisture from colonized logs only in beech.
Role of bryophyte cover
The bryophyte carpet that develops on the logs of beech and spruce facilitates the establishment of vascular plants. Its presence and abundance make colonization much more probable in spruce than in beech. In a previous study, we found a positive relationship between the cover of vascular plants and the cover of mosses on downed beech logs (Staniaszek-Kik et al. 2014) . A similar positive relationship was encountered between the cover of vascular plants and the cover of bryophytes in the case of fallen spruce trees (StaniaszekKik et al. 2016) . Many authors have emphasized the role of bryophytes in the establishment of vascular plants on CWD. Herbaceous plants and tree seedlings are facilitated by previous epiphytic mosses and later epixylic ones, which serve as reservoirs for water and accelerate soil accumulation (Checko et al. 2015 and literature cited therein). It was also observed that seed predation is reduced in the bryophyte mat (During & Tooren 1990 and literature cited therein). Another critical and important phase in the life cycle, which is also affected by bryophytes, is germination and the emergence of seedlings. Among others, Nakamura (1992) reported the more successful emergence of vascular plant seedlings in bryophyte carpets, including mosses that were growing on logs. Mosses may also have played an important role in the colonization of the Norway spruce and beech by higher plants, which was reflected by a higher bryophyte cover in the downed trees of both species that were colonized in our study.
Role of CWD size and altitude
A significant effect of size on the colonization rate was found. Larger logs usually cause a higher coverage and species richness of vascular plants (Lee & Sturgess 2001 , Zielonka & Piatek 2004 , StaniaszekKik et al. 2014 , Checko et al. 2015 . This pattern is believed to be the result of the higher probability of diaspore retention due to size as well as slower decomposition, which makes the conditions more stable, a better ability to retain moisture and a higher frequency of visits by zoochores, i.e., animals that transport diaspores (Harmon et al. 1986 , Lee & Sturgess 2001 , Van Geffen et al. 2010 . Larger and older beech trees have a more cracked bark and more crevices that can easily be colonized by plants. In spruce, the probability of colonization decreases in the case of large logs (Fig. 3b) . Tall spruce trees are usually colonized at the base and at low heights.
The fact that spruce was colonized more frequently than the downed beech boles can be attributed to the differences in the altitudes at which both species lay. The frequency of colonization on downed spruce trees increased along with increasing altitude, whereas the colonization rate decreased in beech. The altitude is a proxy of climatic conditions such as temperature and precipitation, which can have a direct impact on both the decay rate and the germinability of seeds. One of the explanations of this phenomenon is the response of bryophytes to altitude. With increasing altitude, the humidity of the air and the moisture of the soil and litter also increases. This enhances the occurrence of epiphytic and epixylic species (StaniaszekKik et al., unpublished data) . In spruce dominated stands, which are usually situated in the upper montane forest belt, there was a weak but positive relationship between the cover of bryophytes and altitude (Spearman's rank correlation ρs = 0.13, p < 0.01). Thus, with increasing altitude, bryophytes can enable more vascular plants to be established through the mechanisms mentioned above.
Conclusions
The observations indicated that vascular plants do not colonize all available logs and that the colonization process is not random. Despite the fact that the process of establishment, development and increase in the cover of plants during the later stages of decomposition is quite well recognized, it turns out that a more advanced stage contributes to the appearance of plants on logs. The more decayed the wood, the more suitable is to colonization by plants. The log size parameters (diameter and length), the altitude at which logs are located and the cover of bryophytes are other important factors that can facilitate plant colonization. The species identity of CWD can also influence the frequency of colonization. In our case, spruce turned out to be the more frequently colonized species compared to beech. Many log traits and the surrounding make colonization a species-specific process. More detailed studies are required to determine how the frequency of appearance of the coarse woody debris in forest ecosystems and the rate of its decomposition could influence the species pool of vascular plant colonizers and their relationships with cryptogamous plants.
